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Recent studies found that tubercles had been integrated into various applications 
beyond nature to enhance performance. Therefore, the present work investigates the 
performance of a Savonius turbine with various tubercle configurations at a wind speed 
of 7 m/s which corresponds to a Reynolds number of 148,000. The Savonius turbines 
with tubercle features were initially designed and inspired by the distribution of 
tubercles on the flippers of humpback whales. However, only the models with the best 
performance were chosen for fabrication and tested in the wind tunnel. The new 
turbine designs have 33% of the blade without tubercles, with turbine model 1 (D1) 
having a large tubercle beginning in the midspan and tapering towards the endplates, 
while turbine model 2 (D3)   applies the 33% without tubercles in the midspan of the 
blade. The results demonstrated that turbine model 1 had the highest maximum Cp of 
0.19 at the tip speed ratio of 0.78 and indicated that the spanwise location of tubercles 
in which it is integrated into the turbine is a significant geometric arrangement to 
improve the performance. The new turbine models designed with tubercles performed 
significantly better than the baseline model, with 46.15% and 23.08% improvements, 
respectively. The flow visualization for both models with tubercle configurations 
showed smaller wake sizes that represent reduced drag and eventually produced higher 
performance in comparison with the baseline.   The results provide insights into the 
implementation of the tubercles concept on a Savonius turbine with a low aspect ratio. 
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1. Introduction 
 

Tubercles are sinusoidal bumps typically found at the leading edge of the flipper of a humpback 
whale [1]. Many researchers have discovered that tubercles can improve flow attachment as they 
function similarly to flow control devices comparable to vortex generators [2-3]. This discovery 
sparked the development of other studies involving the application of tubercles in various fields [4-
6]. Although the majority of earlier research has focused on wings and the improvement of tubercles 
in aerodynamic performance [7-8]. 

However, recent studies have been expanded to include wind turbine blades with an emphasis 
on the influence of leading-edge sinusoidal modifications to the blade design, which can increase 
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shaft torque in the post-stall region due to a similar working principle to vortex generators [9-10]. 
Unfortunately, the physical flow of tubercles is quite complex, and some researchers disagree that 
tubercles function as vortex generators [11]. Fish et al., [12] found that the number of tubercles is 
typically between 9 and 11, with a greater concentration at the flipper tip than at the root. In 
principle, tubercles accelerate flow at troughs where the vorticity of opposite signs generates 
counter-rotating vortices that re-energize the boundary layer and delay flow separation [13-14]. 

Previous studies [15-16] demonstrated that the amplitude and wavelength of tubercles 
considerably impact the aerodynamic performance of a wing. However, neither study specified a 
method for selecting these parameters to optimize performance. Several studies discovered 
favorable results when small amplitude and wavelength values were employed [16] and [2], whereas 
others found the opposite [13]. In addition, the spanwise location of the tubercles and the 
termination phase are other significant geometric parameters influencing the performance [17] In 
this context, the geometric parameters of tubercles were chosen randomly in most studies, making 
it difficult to determine the optimal amplitude and wavelength to improve the wind turbine 
performance. In addition, the spanwise location received less attention in comparison to other 
geometric parameters. This provides a gap in the research as typical wind turbine blades can be 
divided into three sections that contribute differently to energy production. As the second half of the 
blade has the most significant impact on energy output [17-18], tubercles located from the midspan 
to the tip may have potentially greater positive effects on improving the turbine power. 

The aim of the current study is to investigate and establish a comprehensive understanding of 
the effect of tubercle locations on the performance of Savonius turbines at low Reynolds numbers 
for hydrokinetic applications. This is important as the hydrokinetic turbine is one of the alternative 
resources to generate sustainable energy for rural communities in Malaysia that have limited access 
to electricity [19-20]. The small rivers in rural areas typically have low speeds ranging from 0.2 m/s 
to 0.5 m/s, making it challenging to implement the Savonius turbines in this condition due to the low 
power efficiency [21-22] and their poor ability to self-start at low rates despite having a simple design 
[23-24]. Although Salleh et al., [25] recently established the effectiveness of implementing deflectors 
into the Savonius turbine to improve power performance, this type of augmentation device adds 
complexity to the overall turbine configurations for practical riverside installation [26]. Therefore, it 
is important to conduct a more comprehensive evaluation and analysis of the effects of modifying 
the tubercle locations. The focus is to identify the most practical location configuration to integrate 
the tubercles with the combination of amplitude and wavelength characteristics in the future to 
enhance the performance of the turbine. This will hopefully reveal the performance of the Savonius 
turbine without any external augmentation devices and determine the application of tubercles to 
turbines other than the wing or flipper of the humpback whale. Therefore, the objectives of the work 
are to fabricate the Savonius turbine blade models with tubercles, and to investigate the 
performance of the turbine models with various tubercle configurations based on the 33% concept 
of the humpback whale with quantitative and qualitative measurements. 

 
2. Methodology  
2.1 The Turbine Model With Tubercles 

 
There a few design configurations that were constructed based on the research of Fish and Battle 

[27] which analyzed the location of the tubercles along the leading edge of the whale’s flipper and 
observed that the largest tubercles started at 33% of the span. The size of the tubercles decreases as 
they approach the tip of the whale’s flipper, eventually forming an elliptical shape that results in 
superior manoeuvrability. Therefore, in light of the nature of tubercles on the leading edge of the 
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humpback whale flipper, the same concept is applied in the current study with some modifications 
as described in Table 1 to adapt the practicability of turbines for hydrokinetic applications.  

The new design configurations as shown in Figure 1 (D1 and D3) are mainly constructed based on 
the flippers of the humpback whale, focusing on the location of the tubercles integrated into the 
middle of the blade span. D1 is the large tubercles that started in the middle and then became smaller 
as they approached the endplates at the top and bottom of the edge. This results in 33% of the blade 
without tubercles from the endplates at the top and bottom towards the middle of the blade. The 
D3 design has the opposite feature of the D1 configuration, mainly constructed without tubercles in 
the middle of the blade span. It has large tubercles along the top and bottom edges of the end plate, 
which gradually diminish towards the middle of the blade span. This results in 33% of the blade being 
without tubercles in the middle of the blade. 

 

 
(a)     (b)  (c) 

Fig. 1. The geometric parameters of the turbine with tubercles (a) D1, (b) the assembly of the 
turbine and (c) D3 

 
Table 1 
The dimension parameter of the turbine with 
tubercles 
Parameters Value (units) 

Height of turbine, H 0.132 (m) 

Diameter of turbine, D 0.329 (m) 

Diameter of blade, d 0.183 (m) 

Diameter of end plate, DE 0.361 (m) 

Thickness of blade, tb 0.002 (m) 

Thickness of end plate, tE 0.010 (m) 

Aspect ratio, AR = H/D 0.401 

 

2.2 Experimental Setup 
 

The turbine model with tubercles was tested in the closed-circuit wind tunnel with an incoming 
flow speed, 𝑉∞ = 7 𝑚/𝑠. The turbine was positioned in the middle of the wind tunnel test section as 
represented in Figure 2. The position of the turbine was set at a 45° rotor angle defined by the 
position of the advancing blade with respect to the incoming wind flow direction. The performance 
of the turbine model integrated with tubercles was determined by measuring the dynamic torque 
generated by the turbine, as shown in Figure 3. The Prony brake dynamometer system was 
positioned on top of the wind tunnel. Two load cells, a braking belt around the pulley, a hall effect 
sensor, and digital displays comprise the system with the load cells having an accuracy of 0.1% and a 
maximum load capacity of 50 N [25]. The rotation of the turbine model with tubercles was 
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determined by the sensor that detected the metal on the pulley. The torque was produced by 
detecting the force differential between the two belts and the values were captured on the digital 
display. The value of the differences between the two forces yields the net force value, which can be 
used to calculate the torque value by multiplying it by the radius of the pulley. 
 

 
Fig. 2. The side view of the turbine model with tubercles 
in the test section 

 

 
Fig. 3. The Prony dynamometer set up and the experimental torque setup [28] 

 
2.3 Equations 
 

The Reynolds number of 148,000 can be calculated from the wind flow speed, V∞ with the 
density, ρ, and the diameter of the turbine, D as follows 
 

𝑅𝑒 =
𝜌𝑈𝐷

𝜇
              (1) 

 

 
Velocity 

Shaft 

Endplates 
Tubercles  
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The following equation can be used to calculate the dynamic torque value from the difference in 
force generated from the force sensor in the tachometer, ∆F and the radius of the pulley, 𝑟𝑝 =

0.030 𝑚 as follows 
 
𝑇 = Δ𝐹 × 𝑟𝑝              (2) 

 
The angular speed, 𝜔 could be calculated as follows 
 

𝜔 =
2𝜋

60
× 𝑅𝑃𝑀             (3) 

 
The rotation of the rotor, RPM was measured to obtain the angular speed, ω of the turbine by using 
a non-contact digital tachometer. The coefficient of the dynamic torque can be acquired as follows 
 

𝐶𝑇 =
4𝑇

𝜌𝐻𝐷2𝑈2
              (4) 

 
By using the torque value from Eq. (2), ρ is the density of the air, H is the height of the turbine, D is 
the diameter of the turbine and V∞ is the flow velocity. The value of the power coefficient was 
acquired from the torque value. The power available from the incoming flow, Pin is given by the 
equation below 
 

𝑃𝑖𝑛 =
1

2
𝜌𝐻𝐷𝑈3             (5) 

 
The power generated by the turbine; Pout is as the equation follows 
 
𝑃𝑜𝑢𝑡 = 𝑇𝜔              (6) 
 
The power coefficient, Cp is calculated from the equation below 
 

𝐶𝑃 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
              (7) 

 
Then the power coefficient could be generated as follows 
 

𝐶𝑃 =
2𝑇𝜔

𝜌𝐻𝐷𝑈3              (8) 

 
The dynamic torque and power coefficient value are plotted against the tip speed ratio, 𝜆 where 
 

𝜆 =
𝜔𝐷

2𝑈
               (9) 

 
2.4 Uncertainty Analysis 
 

The uncertainty analysis has been calculated by using Moffat [29] from the equation below, 
where 𝑋 is the measurement of the parameter and the 𝛿𝑋𝑖 is half of the smallest reading scale. The 
general uncertainty analysis is defined as follows 
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𝑋1 = 𝑋 ± 𝛿𝑋1                       (10) 
 
As the 𝑋 is the measurement of the parameter and the 𝛿𝑋𝑖 is half of the smallest value from the 
reading scale. From the above equation, the relative uncertainty is as follows 
 

𝑈𝑅 = ±
𝛿𝑅

𝑅
= {(𝑎

𝛿𝑋1

𝑋1
)

2

+ (𝑏
𝛿𝑋2

𝑋2
)

2

+ ⋯ + (𝑛
𝛿𝑋𝑛

𝑋𝑛
)

2

}

1
2⁄

                  (11) 

 
where the relative sensitivity coefficient is 
 

𝑎 =
𝑋1

𝑅

𝜕𝑅

𝜕𝑋1
; 𝑏 =

𝑋2

𝑅

𝜕𝑅

𝜕𝑋2
; 𝑛 =

𝑋𝑛

𝑅

𝜕𝑅

𝜕𝑋𝑛
                     (12) 

 
In this experiment, the uncertainty of the important parameters was the tip speed ratio, torque 
coefficient, and power coefficient. With all measurements, parameters were calculated using the 
relative sensitivity equation and included in the relative uncertainty of the tip speed ratio, the 
coefficient of torque, and the coefficient of power in the equation (11). Therefore, the uncertainties 
of all significant parameters at the maximum power coefficient at the airflow speed of 7 m/s are 
listed in Table 2 as follows 
 

Table 2 
The values of the uncertainty percentage of the parameters 
Parameters  Uncertainty value Uncertainty percentage 

 D1 D3 D1 D3 

Tip speed ratio, 𝜆 ±0.0074 ±0.0076 0.74% 0.76% 
The coefficient of torque, CT ±0.0225 ±0.0225 2.25% 2.25% 

The coefficient of power, CP ±0.027 ±0.0276 2.75% 2.76% 

 

3. Results and Discussion 
3.1 The Performance of The Turbine with Tubercles 
 

Two turbine models integrated with tubercles identified as D1 and D3 were fabricated and both 
models have the same exact dimensions as [30] that serve as the baseline for comparison at a 
Reynolds number of 148,000 which corresponds to a wind speed of 7 m/s. The comparison results 
for both tubercle models demonstrated an increase in performance with the D1 model having the 
highest maximum CP of 0.19 at a TSR of 0.76 as depicted in Figure 4(a), and the highest maximum CT 
of 0.25 at a TSR of 0.71 as shown in Figure 4(b).  

The results show that the D1 model with tubercles had the highest turbine efficiency with a 
46.15% improvement compared to the baseline model without any tubercles [30], while the D3 
model with tubercles had a 23.08% improvement compared to the baseline as listed in Table 3. The 
experimental results revealed that the Savonius turbines integrated with tubercles generally have 
better performance. However, although both new turbine models implement the concept of 33% of 
the blade without tubercles as suggested by previous researchers [1,27], but the spanwise location 
in which this concept is implemented in the turbine plays a significant role that contributes to its 
superior power performance. This was demonstrated as the D1 model which was designed with large 
tubercles beginning in the midspan and tapering towards the top and bottom edges of the blade was 
more effective at enhancing the power performance than the D3 model, which had the blade without 
tubercles in the midspan with a maximum CP of 0.16 at a TSR of 0.76 and a maximum CT of 0.22 at a 
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TSR of 0.66. The results were consistent with the findings of [18] which emphasized the possibility of 
high performance improvement if tubercles are positioned from the midspan to the tip. 

Previous studies have also demonstrated that leading edge tubercles generate counter-rotating 
vortices capable of re-energizing the boundary layer and delaying flow separation which 
consequently enhances performance [14,16]. This most likely explains the reason the turbine model 
with tubercles in the present study possessed superior performance despite being tested at a low 
Reynolds number. However, the formation of counter-rotating vortices that exhibit comparable 
behavior to that of a vortex generator previously mentioned [7] could not be captured now because 
the current work is limited to quantitative measurements. These physical vortex phenomena could 
be verified using qualitative measurements that are capable of capturing the flow surrounding the 
turbines. 

Figure 4 shows the performance comparison between fabricated tubercle models and the 
baseline [30] without tubercles. As mentioned previously, the conventional 2-bladed Savonius 
turbine was selected to serve as a baseline for comparison with the current study because the 
Reynolds number of 148,000 is similar to the present study with the same aspect ratio of 0.4. The 
wind tunnel experiments were conducted at 7 m/s equivalent to a water flow speed of 0.4 m/s. The 
results highlighted that the turbine with tubercles in the present study could be implemented for 
hydrokinetic applications due to the similarity between wind and water flow [25]. In addition, the 
results were also compared to the hybrid turbine of Abu Bakar [28] with a maximum CP of 0.11 at a 
TSR of 0.71, because it has the same aspect ratio of 0.4 as the present study, although the Reynolds 
number was slightly higher at 157, 000. It highlights the superior performance of the turbine with 
tubercles, particularly the D1 model, with a 42.11% improvement in power coefficient compared to 
the hybrid model, despite having a relatively low Reynolds number. Although [30-33] found that the 
power coefficient increased with the increasing Reynolds number, a comparison between the 
present study and Abu Bakar [28] revealed the turbine with tubercles performed better even at a low 
Reynolds number. 
 

 
(a) 
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(b) 

Fig. 4. (a) The torque coefficient and (b) The power coefficient of 
the turbine 

 
Table 3 
The comparison data of the baseline and turbine models with tubercles 

Author 
Reynolds 
number 

Tip speed 
ratio, λ 

Maximum torque 
coefficient, CT 

Maximum power 
coefficient, CP 

Performance comparison 
with respect to baseline (%) 

Salleh et 
al., [30] 

148 000 0.80 0.20 0.13 - 

D3 148 000 0.76 0.22 0.16 23.08 

D1 148 000 0.78 0.25 0.19 46.15 

 

Furthermore, the smoke flow visualization image captured to illustrate the top view flow 
structure of the turbine with tubercles as shown in Figure 5 indicated clear streamlines upstream and 
a small wake region downstream generated behind the rotating turbine. The small wake size 
represents less pressure drag which results in an increment in the performance of the turbine with 
tubercles compared to the baseline without tubercles. 
 

 
Fig. 5. The top view flow visualization of the turbine with tubercles 

 
 
 

Wake region 
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4. Conclusions 
 

The two turbine models with tubercles identified as D1 and D3 showed outstanding power 
performance. Both designs implement the concept of 33% of the blade without tubercles, although 
the locations are varied either in the midspan or near the tip. D1 was designed with large tubercles 
starting in the middle and then reducing to smaller ones as they approached the endplates at the top 
and bottom of the edge, while the concept of 33% of the blade without tubercles was implemented 
in the middle of the blade for D3. The results revealed that the spanwise location of tubercles 
integrated into the turbine is a critical geometric configuration that must be considered when 
analyzing the performance of turbines. This is because the tubercles are not equally distributed along 
the flipper span of the humpback whales, as they begin at around 33% of the span and become 
smaller near the tip. The D1 turbine model performed the best at a tip speed ratio of 0.78 with a 
maximum power coefficient of 0.19 and torque coefficient of 0.25, respectively. This is followed by 
the D3 model with a maximum power coefficient of 0.16 and a torque coefficient of 0.22 at a tip 
speed ratio of 0.76. Both designs D1 and D3 integrated with tubercles outperformed the baseline 
model without tubercles with relatively small wake sizes as illustrated in flow visualization 
measurement, with a 46.15% and 23.08% improvement, respectively. 
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